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PREFACE 
This dissertation consists of six chapters. Chapter one gives the background and 
justification together with the objectives of the study. Chapter two reviews the literature relevant 
to the study. Chapter three describes the materials and methods used in the study for both the 
biculture and monoculture study. Chapter four separately presents the findings of the biculture 
and monoculture studies whilst chapter five is the discussion of the findings. Chapter six gives 
conclusions and recommendations for further studies. 
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ABSTRACT 
Winter rotational cover crops (WRCC) are often used to boost soil fertility and plant 
nutrition. However, selection and use of WRCC for soil physical improvement is usually 
overlooked. The objective of this study was to determine the effects of WRCC on soil strength, 
aggregate stability and water conservation of a hardsetting soil. The soil physical properties were 
determined after four rotations of growing monocultures of vetch (Vicia dasycarpa cv. Max), 
lupin (Lupinus angustifolius cv. Tanjil) and oats (Avena sativa cv. Sederberg) and after two 
rotations of growing bicultures of oats (Avena sativa cv. Pallinup) and vetch (Vicia dasycarpa 
cv. Max) across two soil layers, 0 to 15 cm and 15 to 30 cm. The individual WRCC and a weedy 
fallow constituted the treatments in the monoculture study whilst in the biculture study the 
various combinations of WRCC namely; 90% oat plus 10% vetch (O90V10); 70% oat plus 30% 
vetch (O70V30) and 50% oat plus 50% vetch (O50V50) and a weedy fallow constituted the 
treatments. After four rotations with cover crop monocultures, oats significantly (P ≤ 0.05) 
reduced penetration resistance (PR) whilst vetch increased PR in both soil layers compared to the 
weedy fallow control. The effect of the biculture treatments was only experienced within the 15 
to 30 cm depth. The treatments O50V50 and O70V30 increased the PR compared to the control. 
The WRCC in monoculture significantly increased the soil aggregate stability relative to the 
control in both soil layers. Vetch, lupin and oats resulted in a 41.7%; 20.4% and 15.7% increase 
in MWD in the 0 to 15 cm soil layer and 47.2%; 44.2% and 39.7% in the 15 to 30 cm depth, 
respectively. An increase in aggregate stability was associated with increased macro-aggregation. 
Under the biculture, WRCC slightly increased, non- significantly, the aggregate stability. Both 
hot water and dilute acid extractable polysaccharides showed no significant correlation with 
aggregate stability in the two studies. Oats monoculture resulted in a significant difference (P ≤ 
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0.05) on cumulative infiltration compared to the control. However, after 2 h vetch and lupin 
showed no significant difference from the control on cumulative infiltration. Oats resulted in a 
7.8% increase in final infiltration rate (FIR) whilst vetch and lupin reduced FIR by 9% and 
16.7% respectively, compared to the control. Bicultures of oats and vetch significantly (P ≤ 0.05) 
increased cumulative infiltration compared to the weedy fallow control. A similar significant 
increase in FIR was also observed under bicultures. The treatments O50V50; O90V10 and 
O70V30 resulted in a 163.3%; 113.3% and 105.4% increase in FIR respectively, compared to the 
control. Cover crop monocultures significantly (P ≤ 0.05) increased plant available water (PAW) 
compared to the weedy fallow, with vetch, oats and lupin resulting in a 28.3%; 22% and 23.9% 
increase respectively, in PAW. However, no significant differences were observed on PAW after 
two rotations with bicultures. Compared with winter weedy fallow, WRCC improved most of the 
soil physical properties under study, with the most suitable results expected under bicultures 
compared to monocultures. Under CA, selection of WRCC like oats, vetch and lupin, one should 
therefore take into consideration their effects on soil physical properties as a selection criterion 
and not biomass and fertility alone. 
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CHAPTER ONE 
1.0 INTRODUCTION  
Winter rotational cover crops (WRCC) as opposed to bare fallow have gained momentum 
as an important part of sustainable conservation agriculture (CA) systems. A combination of 
WRCC in CA systems provides substantial benefits to structurally degraded soils (Villamil et al., 
2006). Many studies have been done on the effects of cover crops in CA systems on crop yields 
and soil fertility (Thierfelder and Wall, 2009; Campiglia et al., 2009). Legume cover crops like 
grazing vetch (Vicia villosa) and clover (Trifolium repens) have been shown to supply nitrogen 
(N) through N-fixing process, which can then be used by the subsequent crop (Sainju et al., 
2007). Grass cover crops like rye (Secale cereal) and oats (Avena sativa) on the other hand, have 
been shown to produce higher biomass than most legumes (Ranells et al., 1997). These grass 
cover crops have also been shown to be more effective in using residual N, thus preventing N 
leaching during winter in CA systems. Hence, in many CA systems, cover crop species have 
been selected based on the biomass production and N-fixing capacity (Ranells et al., 1997; 
Campiglia et al., 2009). Ranells et al. (1997); Rosecrance et al. (2000) and Odhiambo and 
Bomke (2001) suggested that bicultures i.e. mixtures of legume and grass cover crops, could be 
more ideal in CA because no single cover crop can consistently achieve all the objectives of 
supplying soil organic matter (SOM) and reducing the potential for N leaching and fixing. 
Nevertheless, work on monocultures and bicultures under South African environment is scarce. 
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In South Africa, some agricultural soils have been reported to be hardsetting, for example, in the 
North West Province (Mills and Fey, 2004; Materechera, 2009) and in parts of the Eastern Cape 
Province (Nciizah and Wakindiki, 2012). These hardsetting soils have also been reported to be 
common in Australia and other parts of Africa (Mullins et al., 1990; Chan, 1995) and are 
structurally unstable. The hardsetting behaviour is often attributed to low soil organic matter 
(SOM) content and relatively high silt and fine sand content, which causes the soil aggregates to 
disintegrate under raindrop impact and rapid wetting (Fabiola et al., 2003; Materechera, 2009). 
When hardsetting soils are dry, they set to a hard structureless mass by developing high 
mechanical strength. Hence, the productivity of hardsetting soil is restricted to a narrow range of 
soil water potential within 30 to 100 kPa (Mullins et al., 1990, 1992). The high soil strength 
delays tillage, affects seedling emergence and root growth, resulting in poor crop stands and low 
yields. The structural collapse that occurs during wetting also leads to poor soil aeration and seal 
formation, which results in reduced infiltration rate, high surface runoff and erosion (Mullins, 
2000; Ries and Hirt, 2008). Therefore, agronomic practices that facilitate creation of stable 
aggregates in hardsetting soils of South Africa are fundamental (Materechera, 2009).  
 
Wei et al. (2006) suggested that agronomic practices that increase SOM and soil cover could 
improve soil structural stability. Furthermore, inclusion of WRCC in a CA system is a suitable 
agronomic practice to improve the productivity of structurally degraded soils like hardsetting 
soils because they increase SOM and soil cover (Verhulst et al., 2010). Dabney et al. (2001); 
Fageria et al. (2005) and Villamil et al. (2006) concluded that WRCC in CA improved bulk 
density, water retention capacity and aggregate stability in several different soil types. However, 
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Grant and Lafond (1993); Osunbitan et al. (2005) and Abiven et al. (2009) reported that WRCC 
in CA either reduced aggregate stability, increased bulk density and penetration resistance, or 
had no effects on these soil physical properties. These inconsistent and contradictory results are 
due to the fact that soil responses to agronomic practices like WRCC in CA take a long time to 
occur. Moreover, the response of soil physical properties to WRCC in CA also depends on other 
factors like soil type and climate (Anken et al., 2004; Bescansa et al., 2006). Therefore, it is 
necessary to conduct experiments under different climate, soils and crop conditions to enable 
development of the appropriate agronomic management systems in a particular region. 
 
Hitherto, most WRCC in CA research in South Africa has focused on comparing the efficiency 
of CA systems and conventional tillage (Murungu et al., 2010). Thus, the effects of WRCC on 
soil physical properties have rarely been considered when selecting cover crop species in CA 
systems.  
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Objectives 
The general objective of this study was to establish if WRCC in a maize based CA system 
alleviate the structural and moisture limitations associated with hardsetting soils under South 
African conditions. 
Specific objectives 
1. To determine the cumulative effects of WRCC grown as monocultures in a maize based 
CA system after four rotations on soil strength, aggregate stability and water 
conservation. 
2. To determine the cumulative effects of WRCC grown as bicultures in a maize based CA 
system after two rotations on soil strength, aggregate stability and water conservation. 
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CHAPTER TWO 
 
2.0 LITERATURE REVIEW 
 
2.1 Conservation Agriculture  
Introduction of commercial farming in South Africa resulted in an increase in tillage 
based conventional agriculture, involving soil pulverization with powerful machinery together 
with removal or destruction of crop residues on the soil surface. This tillage based conventional 
agriculture has resulted in loss of SOM and destruction of soil structure and general soil 
degradation (Fowler and Rockstrom, 2001; Thierfelder and Wall, 2009). Soil degradation has 
greatly aggravated the crop productivity challenges being faced by mainly resource poor 
smallholder farmers. Faced with this great challenge, several African governments and farmers 
have been prompted to explore sustainable alternative production methods that improve soil 
structure and crop productivity by embracing CA (Fowler and Rockstrom, 2001; Hobbs, 2007; 
Knowler and Bradshaw, 2007; Rockstrom et al., 2009). 
 
Conservation agriculture seeks to enhance and preserve the natural resource base and the 
environment through improved and sustainable soil productivity, thus increasing food security. 
Permanent soil cover with crop residues or growing plants; minimal soil movement and crop 
rotations are the three principles on which CA is based (FAO, 2011). The CA practice is 
therefore a holistic approach which involves an integration of various agronomic practices. 
Improvement of SOM content and soil fertility are the major advantages of CA (Knowler and 
Bradshaw, 2007; Giller et al., 2009). In various regions like the USA, South America, Europe 
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and Asia, CA has been successfully developed and implemented with positive results being 
recorded on water and soil conservation, improved yields and reduced labour requirements 
(Rockstrom et al., 2009). However, adoption of CA amongst smallholder farmers in Africa is 
quite low. South Africa, Zambia, Zimbabwe and Ghana are amongst the few African countries 
with noticeable areas under CA (Giller et al., 2009, Rockstrom et al., 2009). 
 
Contradicting results have been reported on the effects of CA on SOM status and soil physical 
properties. For example, Roldan et al. (2003), Thomas et al. (2007) and Calegari et al. (2010) 
agree that CA improves SOM content, which is one of the key indicators of improved 
sustainability of an agro-ecosystem. Conservation agriculture has been shown to improve water 
infiltration, reduce surface flow of water and evaporation losses from the soil surface (Fowler 
and Rockstrom, 2001; Thierfelder and Wall, 2010). Hao et al. (2000); Alvarez and Steinbach, 
(2009); Thierfelder and Wall (2009) reported that aggregate stability, infiltration rate and soil 
water retention improved under CA. Grant and Lafond (1993); Lampurlanes and Cantero-
Martinez (2003) and Osunbitan et al. (2005) have reported an increase in bulk density, 
penetration resistance and a decrease in infiltration rate under CA systems. On the other hand 
Villamil et al. (2006) and Calegari et al. (2010) reported no significant differences in bulk 
density between conventionally tilled plots and plots under CA. Govaerts et al. (2009) in a 
review observed that results on SOM within CA systems are inconclusive, indicating that 7 of 
the 78 cases reviewed SOM was lower under minimum compared to conventional tillage, and in 
40 cases it was higher whilst of the 31 cases no significant differences were observed. Giller et 
al. (2009) concluded that CA alone cannot result in improved SOM and soil fertility. Therefore, 
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the assumption that CA results in increased SOM and improved soil physical properties is 
inconclusive. 
 
Within any system, SOM can only increase when C sequestration is greater than C loss, which 
consequently improves soil physical properties. Such a scenario can also be achieved under 
conventional tillage with residue retention. Without properly and precisely implementing the 
three cornerstones of CA i.e. residue retention, minimum soil disturbance and crop rotations, CA 
may never become the panacea for the problems of soil physical degradation accompanied by 
very low crop yields associated with agriculture in the smallholder farming sector in sub-Saharan 
Africa. 
 
2.2 Winter Rotational Cover Crops in CA systems 
Amongst the cornerstones of CA is permanent soil cover with crop residues or growing 
plants and crops rotations (FAO, 2011). Integrating WRCC into CA systems as opposed to bare 
fallow has gained momentum as an integral part of a successful CA system. Cover crops are 
generally not grown for harvest, but serve multiple functions in CA systems. Crop sequences 
involving WRCC combined with minimum tillage provide substantial benefits to the 
productivity of the soil (Villamil et al., 2006). In a review, Dabney et al. (2001) listed the major 
advantages and disadvantages of cover crops as shown in Table 2.1.  
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Table 2.1: Benefits and challenges of growing cover crops (adapted from Dabney et al., 2001). 
Advantages  Disadvantages 
Reduce soil erosion 
Increases residue cover 
Enhance infiltration of water into soil 
Increases soil organic matter 
Improves soil physical properties 
Recycles nutrients by preventing leaching 
Increases mycorrhizal infection of crops 
Legume fix nitrogen 
Additional costs (planting and killing) 
Reduces soil moisture 
May increase pest and disease incidence 
Difficult to incorporate 
Risk of allelopathy 
 
In South Africa, WRCC are planted in autumn under irrigation to grow in winter, and terminated 
in spring soon before planting the summer crops (Murungu et al., 2010a). Several winter cover 
crop species are grown in the Eastern Cape province of South Africa and these include canola 
(Brassica napus), hairy vetch (Vicia villosa), lupins (Lupinus albus), broad-beans (Vicia faba), 
Japanese raddish (Raphanus sativus) and black oats (Avena strigosa) (Allwood, 2006). 
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Winter rotational cover crops have been demonstrated to improve soil physical, chemical and 
biological properties (Fageria et al., 2005). Kuo et al. (1997); Sainju et al. (2002); Villamil et al. 
(2006) indicated that WRCC supply organic matter through residue addition and decomposition 
of their crop residues, thereby improving the SOM status within agricultural systems. Both C and 
N are needed for the formation of SOM and these can be derived from the decomposing cover 
crop biomass (Hoorman, 2009). 
  
Cover crops can either be grasses or legumes. Legume cover crops like vetch, lupin and clover 
are usually used for their N-fixing capacity. On the other hand, grass cover crops like oats 
contribute more carbon due to their higher C:N ratio within their biomass and also act as residual 
N scavengers (Ranells and Wagger, 1997). However, due to their high C:N ratio, grass cover 
crops also pose the short term risk of immobilizing applied N fertilizer (Ranells and Wagger, 
1997). Legume cover crops on the other hand produce less biomass yield than grasses. No cover 
crop is capable of adequately achieving both objectives of producing high and persisting biomass 
whilst having the ability to fix atmospheric N into the soil. Therefore, instead of using cover crop 
monocultures, grass and legume bicultures are being promoted as a more appropriate tool under 
CA systems. Grass-legume bicultures have lower C:N ratios as compared to grass monocultures, 
allowing faster biomass decomposition and enhanced N fixing and scavenging (Ranells and 
Wager, 1997; Rosecrance et al., 2000; Sainju et al., 2005).  
 
By enhancing SOM accumulation, WRCC as opposed to bare fallow, improve soil physical 
properties mainly through formation of stable aggregates (Fageria et al., 2005). Haynes and 
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Beare (1997) in a glasshouse experiment involving six grass and legume cover crop species 
reported improved aggregate stability under WRCC as compared to the control with no cover 
crop. In similar experiments involving WRCC, Villamil et al. (2006); Po et al., (2009) and 
Calegari et al. (2010) reported increased aggregate stability, reduced bulk density and 
penetration resistance under various cover crop species compared to bare fallow. Due to their 
ability to add SOM through biomass decomposition, WRCC as opposed to bare fallow can be a 
beneficial aspect of a successful CA system.  
 
2.3 Soil Physical Properties and Crop Growth 
A productive soil is one which has attributes that promote root growth, accept, hold and 
supply water and mineral nutrients, promotes gaseous exchange and biological activity. All these 
attributes are in part, intimately related to soil physical properties (Schoenholtz et al., 2000). 
Optimum plant growth depends as much on a favorable soil physical environment as it does on 
fertility. These physical properties of a soil control the supply of water, air and nutrients to the 
plant roots and also modify the environment in which roots grow and function. Furthermore, the 
physical properties of a soil which have greatest influence on crop growth are those associated 
with soil structure (Kutilek, 2004).  
 
Soil structure refers to the size, shape and arrangement of solids and voids, continuity of pores 
and their capacity to retain and transmit air and water and allow root growth (Bronick and Lal, 
2005). The structure of a soil is central to soil functioning as it controls water, gas and nutrient 
fluxes and storage, thereby directly affecting crop growth (Angers and Caron, 1998; Schoenholtz 
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et al., 2000). Water infiltration and retention, crusting, penetration resistance, compaction and 
bulk density are all physical properties directly influenced by the structure of a soil 
(Franzluebbers, 2002; Bronick and Lal, 2005). 
  
Soil aggregation affects pore connections and configuration, increasing infiltration and water 
retention and release of a soil (Franzluebbers, 2002; Kutilek, 2004). Reduced infiltration and 
plant available water, results in water stress especially under arid conditions. Increased soil 
compaction measured as bulk density has been shown to reduce pore volume and increase 
penetration resistance of a soil (Lampurlanes and Cantero-Martinez., 2003). Duruoha et al. 
(2007) in an experiment involving soils packed at bulk densities of 1.2, 1.4 and 1.6 g/cm
3 
observed a significant decrease in root density of 3.16, 2.41 and 1.37 g/cm
3 
respectively, between 
the 0 and 20 cm depth. If bulk density becomes too high, it can limit plant root growth and 
density. At constant water content, compaction increases the proportion of soil pores filled with 
water as average pore size decreases (Logsdon and Karlen, 2004). This results in poor soil 
aeration, low soil temperature, increased denitrification, loss of mycorrhizal fungi and reduced 
infiltration rates (Lampurlanes and Cantero-Martinez, 2003; Logsdon and Karlen, 2004). 
Therefore, improved soil physical conditions are an essential element in plant growth.  
 
Soil organic matter is a key attribute of soil structure and the related physical properties 
(Franzluebbers, 2002). Conservation agriculture reduces the intensity of cultivation and can 
increase carbon sequestration through increase in soil organic matter (Holland, 2004). Therefore, 
CA can thus be a means of improving soil structure and stability thereby improving soil physical 
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properties. Conservation agriculture can be particularly important in rehabilitating hardsetting 
soils, which are associated with poor aggregation and structural instability (Materechera, 2009). 
 
2.3.1 The Hardsetting Phenomenon 
The hardsetting phenomenon was first identified and mapped in Australia where it is a 
pronounced feature of many soils on drying (Mullins et al., 1990; Chan, 1995). Hardsetting soils 
have been observed in many countries throughout Africa, the Sahel region (Valetin, 1995); 
Zimbabwe (McKyes et al., 1994); Nigeria (Igwe et al., 2006), Botswana (Mullins et al., 1990) 
and in South Africa (Nciizah and Wakindiki, 2012). Soils exhibiting this hardsetting 
phenomenon set to a hard, structureless mass during drying and become difficult to cultivate 
until rewetted (Mullins et al., 1990). Hardsetting soils have a narrow range of workable soil 
moisture content, showing a marked increase in strength over a narrow change in water content 
within the plant available range (33 to 1000 kPa soil water matric potential) thereby greatly 
affecting root and shoot growth (Chan, 1995). 
 
In a more recent definition, Mullins (2000) described the hardsetting phenomenon as exhibiting 
itself across an entire soil horizon, where the entire horizon sets into an almost homogeneous 
mass on drying with occasional cracks at a spacing of ≥ 0.1 m. Such a hardsetting horizon is hard 
and brittle and it is not possible to push the index finger through the profile and such horizons 
have a tensile strength of ≥ 90 kN/m2. The clods in a hardsetting horizon that has been cultivated 
will partially or completely disintegrate upon wetting, with the soil reverting to it hardest state 
again on drying. 
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The occurrence of the hardsetting phenomenon is attributable to certain soil chemical and 
mineralogical properties (Mullins et al., 1990; Fabiola et al., 2003). Hardsetting soils are 
characterized by soil organic matter content less than 2%, high contents of silt and fine sand, low 
shrink-swell capacity, dominated by hydrous micas or kaolinites and high contents of 
exchangeable sodium and siliceous cements (Mullins et al., 1990; Mullins, 2000). The 
hardsetting phenomenon is characterized by two distinct processes i.e. structural breakdown of 
aggregates upon wetting and hardening without re-aggregation on drying (Mullins, 2000).  
 
2.4 Physical Properties as Affected by Winter Rotational Cover Crops under CA 
systems 
Winter rotational cover crops in CA systems have been shown to influence several soil 
physical properties. However, changes in soil physical properties due to use of CA and cover 
cropping depends on several factors including differences in soil properties, weather conditions, 
history of management and cover crop type (Fabrizzi et al., 2005). Cover crops increase SOM 
status of soils through decomposition of their biomass. Soil organic matter increases soil 
aggregation, improves aeration and increases water holding capacity (Fageria et al., 2005). 
Under CA systems, the contribution of WRCC to SOM status is more pronounced as there is less 
soil disturbance, thus preventing carbon mineralization. Roldan et al. (2003) reported that cover 
crops grown under a CA system improved aggregate stability and other soil quality 
characteristics compared to conventional tillage. Cassel et al. (1995) also reported that 
agronomic practices that enhance residue retention and addition like CA and winter cover 
cropping reduce surface crusting, increase infiltration rate and increase crop yields. Kumar and 
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Goh (2000) in a review also highlighted that plant residues retained on the soil surface improved 
infiltration rate and aggregate stability. 
 
2.4.1 Bulk Density 
Soil bulk density (ρb) is defined as a ratio of dry mass to the total volume of soil (solids 
plus pore space occupied by air and water). Bulk density is intimately related to soil porosity, 
which is the volume of space within a soil filled with air and water. Due to its effect on soil 
aeration, soil water, compaction and temperature, bulk density indirectly influences crop growth. 
The optimum bulk density for plant growth is different for each soil and crop type. However, 
generally low ρb leads to poor root-soil contact whilst high ρb reduces aeration and increases 
compaction (Lampurlanes and Cantero-Martinez, 2003). Agronomic practices like CA with 
winter cover cropping influence the total porosity and pore size distribution of a soil thereby 
affecting bulk density (Lampurlanes and Cantero-Martinez, 2003). Due to its relationship with 
soil porosity, bulk density is a useful indicator of soil structure under CA systems (Logsdon and 
Karlen, 2004). Decomposing plant biomass from the retained residue and WRCC contributes 
substantial amounts of organic matter onto the soil. This organic matter stabilizes soil aggregates 
against slaking, dispersion and collapse, thereby reducing bulk density (So et al., 2009). On the 
contrary, conventional tillage frequently pulverizes the soil and makes for accelerated 
mineralization of exposed organic matter, which contributes to soil structure degradation 
(Obalum and Obi, 2010). 
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Results on the effects of cover crops under CA systems on bulk density are quite variable. 
Fabrizzi et al. (2005) reported an increase in ρb of 5.8% and 3.1% within the 3 to 8 cm and 13 to 
18 cm depths respectively after two cropping cycles of CA and residue addition. Similar results 
were also reported by Johnson-Maynard et al. (2007) in which a 7.8% and 12.8% increase in ρb 
was observed within the 0 to 10 cm and 10 to 20 cm depth respectively, under CA after three 
seasons. Conversely, several studies indicated little or no change in bulk density under CA with 
cover cropping (Villamil et al., 2006; So et al., 2009; Calegari et al., 2010; Obalum and Obi, 
2010;). Cover crop type and amount of residues retained under CA systems affect soil water use 
and quantities of biomass produced, thereby accounting for the variations in bulk density values 
among studies (Krzic, 1997). 
 
2.4.2  Penetration Resistance 
Soil strength, which is usually measured as penetration resistance (PR) is an essential 
parameter of soil structure. Soil strength is intimately related to increased bulk density and 
reduced soil porosity (Kilic et al., 2004). However, PR has been observed to be more sensitive 
than bulk density to detect effects of agronomic practices (Fabrizzi et al., 2005). Soil PR is 
useful to determine the effects of different agronomic practices on soil strength and indicates the 
ability of roots to explore the soil volume. The response of soil strength to various crop 
sequences depends on the interaction among crop type, soil texture, particle size aggregate size 
organic matter and water content (Krzic, 1997; Reichert et al., 2004).  
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High PR values beyond 2 MPa are generally agreed to impede root extension and penetration 
(Reichert et al., 2004; So et al., 2009). However there have been disagreements in literature 
regarding the critical values for PR that limit root growth. The limiting penetration resistance for 
oats roots was observed to be between 4.6 and 5.1 MPa in untilled plots (Ehlers et al., 1983). The 
higher limiting penetration resistance for root growth in the untilled plots was attributed to the 
presence of a continuous pore system created by earthworms and previous crops. In general, a 
PR value between 2 MPa and 5 MPa is the critical upper value above which root growth is 
severely impeded (Lampurlanes and Cantero-Martinez, 2003). 
 
Concerns exist that continuous CA with winter cover cropping may increase PR within the soil 
surface layers. This has been attributed to the higher water demands under cover crops compared 
to bare fallow, which intensifies the wetting and drying cycles in the underlying soils. These 
increased wetting and drying cycles result in closer contact between soil particles, thus resulting 
in the high PR values under cover crops (Osunbitan et al., 2005; Villamil et al., 2006). Various 
experiments have compared PR under different agronomic practices like winter cover cropping 
with CA, albeit without conclusive results. Oat plus vetch biculture and vetch monoculture cover 
crops lowered soil surface strength by 24 and 41% respectively, relative to the bare fallow 
(Folorunso et al., 1992). This was attributed to the increased SOM from the cover crops which 
increased aggregate stability, hence preventing aggregate breakdown under raindrop impact. 
Under a CA system, Lampurlanes and Cantero-Martinez (2003); Villamil et al. (2006) and 
Franzluebbers et al. (2002) observed a significant increase in PR values within the 0 to 20 cm 
depth compared to the disturbed plots. However, literature concerning effects of CA combined 
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with various WRCC as monocultures or bicultures on PR is limited as most studies focus on 
comparing CA versus conventional tillage. 
 
2.4.3 Aggregate Stability 
Aggregate stability is a relative term used to describe the resistance of a soil’s structure to 
destructive forces such as dispersion, raindrop impact and slaking (Le Bissonais, 1996; Six et al., 
2000). A soil is classified as having a good structure if it is aggregated and stable. Poorly 
structured soils are characterized by reduced infiltration, increased bulk density, soil strength and 
low water retention capacity mainly due to aggregate breakdown upon wetting. Aggregation is a 
result of the rearrangement, flocculation and cementation of soil particles mediated by SOM 
(Bronick and Lal, 2005.) A good soil structure is important for maintaining favorable soil 
physical conditions for plant growth (Krzic, 1997). Unlike other soil physical properties, soil 
structure is the most dynamic property and is expressed as aggregate stability. 
 
Soil organic matter is responsible in the formation of aggregates by acting as a nucleus for the 
formation of aggregates (So et al., 2009). Also, SOM is responsible for the stabilization of 
aggregates by lowering their wettability and increasing the cohesion of aggregates through the 
binding of mineral particles by organic polymers or through the physical enmeshment of 
particles (Chenu et al., 2000). Apart from SOM, various factors like texture, clay mineralogy, 
aluminum and iron oxides also influence aggregate stability. However, SOM plays a more 
crucial role in aggregate stability because its characteristics can be modified by agronomic 
practices like CA and cover cropping (Simmons and Coleman, 2008; Abiven et al., 2009). 
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Several studies have shown that CA with residue additions through cover cropping increases 
SOM consequently improving aggregate stability. Vetch and rye cover crops grown as either 
monocultures or as bicultures under a CA system improved aggregate stability by an average of 
13% compare to the weedy fallow control after a 5 year rotation (Villamil et al., 2006). Under 
CA with no cover cropping, Roldan et al. (2003) after two years; Zibilske and Bradford (2007) 
after 13 years and So et al. (2009) after 14 years reported improved aggregate stability. In a 
review Dabney et al. (2001) and Fageria et al. (2005) concluded that cover crops improve soil 
aggregate stability. Holland (2004) attributed this improvement to increased SOM under CA. 
 
2.4.3.1 Soil Polysaccharides and Aggregate Stability 
Soil organic binding agents are important in macro-aggregate stabilization. Organic 
binding agents can be classified as persistent (aromatic components bound to polyvalent metal 
cations and strongly adsorbed polymers); temporary (mainly roots and fungal hyphae) or 
transient (mainly polysaccharides) (Martins et al., 2009). Soil polysaccharides are the main 
components of the labile pool of organic matter mostly affected by management, constituting 
approximately 5 to 25% of SOM (Spaccini et al., 2001). Due to their labile nature, the effects of 
soil management practices on the concentrations of polysaccharides are greater than those on 
more stable humified fractions (Spaccini et al., 2001). Soil polysaccharides have been identified 
as the major fraction that responds quickly to increases in carbon input under CA and winter 
cover crops and can be an important factor in stabilizing aggregates (Liu et al., 2005). Various 
fractions of soil polysaccharides exist defined by the extraction methods and these include the 
dilute acid extractable; hot water extractable and cold water extractable polysaccharides (Puget et 
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al., 1999). These methods extract either the total polysaccharides including cellulose or do not 
extract the plant structural carbohydrates. 
 
The long term role of soil polysaccharides in stabilizing aggregates is controversial. In a study 
involving three cover crops, spring barley, fall rye and annual rye, Liu et al. (2005) reported a 
significant positive correlation between total polysaccharides (r
2
 = 0.54) and dilute acid 
extractable polysaccharide (r
2
 = 0.66). Similar positive correlations of soil polysaccharides with 
aggregate stability have also been reported by Ball et al. (1996); Puget et al. (1999); Martins et 
al. (2009); Spohn and Giani (2010). On the contrary, Adesodun et al. (2001) reported a 
significant negative correlation between dilute acid (r
2
 = 0.23) and hot water (r
2
 = 0.44) 
extractable polysaccharides with aggregate stability. Similar negative correlations were reported 
by several authors like Spaccini et al. (2001; 2004), Mbah et al. (2007). Consequently, Abiven et 
al. (2009) concluded that a more complex relationship exists between polysaccharides and 
aggregate stability, and no trend is evident in the effect of organic inputs on aggregate stability. 
Polysaccharides participate in the stabilization of aggregates in conjunction with more humified 
SOM. Hence isolating polysaccharides alone and correlating them to aggregate stability indicates 
low and sometimes negative correlations (Adesodun et al., 2009).  
 
2.4.4 Infiltration 
Infiltration is defined as the movement of water down the soil profile per unit time under 
gravitational pull (Verhulst et al., 2010). The major soil characteristics affecting infiltration are 
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texture, porosity, structural stability and SOM (Bhattacharyya et al., 2006; Nyamadzawo et al., 
2007). Soil structural stability is largely influenced by SOM and fungal mycelia formed during 
decomposition of organic residues (Lado et al., 2008). Therefore, increasing soil organic matter 
accumulation on the soil surface helps to prevent soil structural degradation like crusting which 
inhibits infiltration (Nyamadzawo et al., 2007). An integration of CA with cover cropping is 
proposed as a way of increasing SOM, reducing soil disturbance which leads to improved 
aggregate stability (Six et al., 2000). An improved soil structure increases infiltration rate and 
reduces runoff thereby making more water available for plant growth (Thierfelder and Wall, 
2009). 
 
In a study involving CA and residue retention, Theirfelder and Wall (2009) reported that fields 
under CA for two cropping seasons had significantly higher infiltration rates of 49% to 87% 
compared to the control involving soil disturbance. Folorunso et al. (1992) under four different 
WRCC after three years reported an increase in steady infiltration rate and cumulative water 
intake by 37% to 147% and 20% to 101% respectively compared to the control. Similar 
improvements in infiltration rate have also been reported by McGarry et al. (2000); Baumhardt 
and Jones (2002); Alvarez and Steinbach (2009) and Osuji et al. (2010) under CA and various 
winter cover crops. 
 
Aggregate stability and SOM have been cited as the main contributors of improved infiltration 
under CA and cover crops. However, infiltration is mainly a surface phenomenon, which is 
regulated at the soil surface by surface pores (Wakindiki and Ben-Hur, 2002; Verhulst et al., 
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2010). On the soil surface, even on a well-structured soil, slaking and raindrop impact may result 
in aggregate breakdown. The detached fine particles move into the upper few millimeters of the 
soil and deposit in the voids. Eventually, the soil surface become compacted and forms a thin 
topmost layer, which restricts further downward movement of water, regardless of profile 
structure (Le Bissonnais, 1996; Wakindiki and Ben-Hur, 2002). 
 
2.4.5 Water Retention Characteristics 
Water retention characteristics (WRC) directly determine the amount of water that can be 
retained by a soil at a given soil water potential (Wall and Heiskanen, 2003). Values of WRC are 
used to generate the water retention curve which relates the amount water and the energy 
associated with the forces that hold the water in the soil (Cancela et al., 2006). It is generally 
agreed that plant available water is found between matric potential of -33 kPa (Field Capacity) to 
-1500 kPa (Permanent Wilting Point). Amount of water retained in a soil between -33 kPa and -
1500 kPa soil water potentials is a function of a soil’s pore size distribution and is therefore 
influenced by the agronomic practices (Bhattacharyya et al., 2006). Water retention at specific 
water potential is influenced by various soil physical properties such as bulk density, aggregate 
stability, porosity, and pore size distribution, which in turn are influenced by SOM (Wall and 
Heiskanen, 2003).  
 
Pore size distribution describes the relative distribution of macro-pores (> 9 µm diameter) and 
micro-pores (0.2 to 6 µm diameter) within a soil profile (Bescansa et al., 2006). Agronomic 
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practices that disturb the soil increase the macro-pores within the soil which drain quickly, thus 
these soils retain less plant available water. However, under CA and cover cropping, soil micro-
pores are increased which consequently increase water retention capacity as micro-pores do not 
drain easily under gravitational pull (Sasal et al., 2006; So et al., 2009). This has been confirmed 
in a study by Bescansa et al. (2006) and Bassett (2010) who found out that soils under CA 
retained more water within the plant available range compared to the control. These results 
indicate that agronomic practices which improve SOM like CA with cover cropping retain and 
release more water within the plant available range, thus improving crop growth and 
development, especially in semi-arid areas like the Eastern Cape Province. 
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CHAPTER THREE 
3.0 MATERIALS AND METHODS 
3.1 Site Climate, Description and History 
The study was conducted at the University of Fort Hare Research Farm in Alice, Eastern 
Cape Province. The site is situated at an altitude of 508 m above sea level, latitude 32° 46’ S and 
longitude 26° 50’ E. The area has a warm temperate climate with an average annual rainfall of 
575 mm received mainly during the summer months, October to April with an average 
temperature range from 19 to 23° C. The soil is classified as the Ritchie family of the Oakleaf 
form (Soil Classification Working Group, 1991), which is a Eutric Cambisol in the World 
Reference Base for Soil Resources (WRB) system (IUSS Working Group WRB, 2006). The 
parent material is alluvial and the clay fraction is dominated by mica, quartz and kaolinites. The 
soil texture is a sandy loam with slightly acidic reaction (Mandiringana et al., 2005).  
 
In 2007, a long-term trial was set up to evaluate biomass accumulation, C and N uptake, weed 
suppression and response to fertilization under oats (Avena sativa); grazing vetch (Vicia 
dasycarpa); lupin (Lupinis angustifolius); forage peas (Pisium sativum) and faba bean (Vicia 
faba) in CA. The cover crops were grown under two fertilizer regimes, with or without fertilizer. 
A control plot with no cover crops but weeds left growing in winter was also included. The trial 
was a 5 × 2 factorial plus control laid in a randomized complete block design (Murungu, 2010). 
In 2009, another trial was established to evaluate strategies of optimizing biomass production 
under oats and grazing vetch bicultures and monocultures and their effects on weed suppression, 
soil N and P fertility under CA. The cover crops were grown at three ratios as follows; 90% oats 
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plus 10% vetch, 70% oats plus 30% vetch, 50% oats plus 50% vetch, 100% oats, 100% vetch 
(where % refers to the percentage of the recommended seed rate used in the monoculture, 100 kg 
ha
-1
 and 50 kg ha
-1
 for oats and vetch respectively).  A weedy fallow was included as a control. 
The trial was laid down as a randomized complete block design (Muzangwa et al., 2011).  
 
The data reported in this thesis were collected between September and October 2010, where a 
once off sampling was done at the end of the fourth year and fourth rotation for the monoculture 
and the second year and second rotation for the biculture trial. The timing for sample collection 
for the studies was chosen because at this time, there would be no recent cover crop biomass 
additions to the soil, and this time would thus be ideal for assessing the long term, cumulative 
effects of the treatments in the two trials. Samples were collected from the 0 to 15 cm and 15 to 
30 cm depths from both experimental fields.  
 
3.2 Experimental Design and Treatments 
In both monoculture and biculture experiments the treatments were defined by the 
WRCC and the agronomic history of the study plots. Several treatments were selected within 
both trials to constitute the treatments defined in this trial. 
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3.2.1 EXPERIMENT ONE: Soil Strength, Aggregate Stability and Water Conservation 
after Four Years and Four Rotations with Winter Cover Crops Grown as Monocultures. 
 
Treatments and experimental design 
Four treatments involving WRCC namely; grazing vetch (Vicia dasycarpa cv. Max), oats 
(Avena sativa cv. Sederberg) and lupin (Lupinus angustifolius cv. Tanjil) and a control, which 
was weedy without WRCC, were studied. The WRCC were first planted in winter of 2007 and 
subsequently in 2008, 2009 and 2010 in rotation with maize (Zea mays L) in summer. There was 
no inorganic fertilizer applied in winter, but the legumes were inoculated with Rhizobium 
leguminosarium just before planting. These treatments were arranged in a randomized complete 
block design with three blocks where slope constituted the blocks. The gross plot was 7.2 m × 8 
m in size and during sampling, 0.5 m was discarded on all plot borders giving a net plot of 6.2 m 
× 7 m in size. Supplementary overhead sprinkler irrigation was done whenever deemed 
necessary. After reaching the flowering stage, all cover crops were killed by applying glyphosate 
(360 g/L) at a rate of 5 L/ha. Each year in summer, maize (cv. PAN 6479) was planted with hand 
operated planters and no tillage was done. Fertilizer was applied at 60 N kg/ha in which a third 
of the N was applied at planting as a compound (6.7 % N; 10 % P; 13.3% K) and the remainder 
applied at 6 weeks after planting as LAN (28% N) by banding.  
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3.2.2 EXPERIMENT TWO: Soil Strength, Aggregate Stability and Water Conservation 
after Two Years and Two Rotations with Winter Cover Crops Grown as Bicultures. 
 
Treatments and experimental design 
The WRCC were first planted in winter of 2009 and subsequently in 2010 in rotation 
with maize (Zea mays L) in summer. The WRCC were planted as bicultures at different seeding 
percentages. The treatments were thus the different biculture ratios i.e. 90% oat plus 10% 
grazing vetch; 70% oat plus 30% grazing vetch; 50% oat plus 50% grazing vetch and control, 
which was left weedy without WRCC. The percentage refers to the percentage of the 
recommended seeding rate that is used in a monoculture that is 100 kg/ha for oats and 50 kg/ha 
for grazing vetch. These treatments were arranged in a randomized complete block design with 
three blocks where slope constituted the blocks. Supplementary overhead sprinkler irrigation was 
done whenever deemed necessary. After reaching the flowering stage, the cover crops were 
killed by applying glyphosate (360 g/L) at a rate of 5 L/ha. Maize (cv. SC 701) was planted 
every year in summer in all plots with the fertilizer  applied at 60 N kg/ha in which a third of the 
N was applied at planting as a compound (6.7 % N; 10 % P; 13.3% K) and the remainder applied 
at 6 weeks after planting as LAN (28% N) by banding. The gross plot sizes were 5.4 m × 6 m 
and during sampling, 0.5 m was discarded on all plot borders to give a net plot size of 4.4 m × 5 
m.  
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3.3 Field Determinations 
Infiltration and soil strength measured as penetration resistance and bulk density were 
determined just before cover crop destruction at the end of the flowering stage. This 
corresponded with the end of the fourth and second rotations for the monoculture and biculture 
experiments respectively. 
 
3.3.1 Penetration resistance 
Soil penetration resistance (PR) was determined using a hammer-type dynamic cone 
penetrometer (Herrick and Jones, 2002). The penetrometer had a 30° hardened steel cone with a 
20.3 mm diameter shaft. The shaft had a striking plate attached to it. The shaft was used to guide 
a 2 kg hammer onto the striking plate forcing the steel cone into the soil.  An adjustable collar 
was used to fix the dropping height of the hammer to ensure repeatability. The cone of the 
penetrometer was placed on the soil surface with the shaft oriented vertically. The cone was 
pressed into the soil to ensure that the base of the cone was level with the soil surface, and this 
minimized starting depth variability. The 2 kg hammer was raised until it touched the collar and 
then released to drop through a 65 cm height to hit the striking plate. The total number of blows 
required penetrating a depth of 0 to 15 cm and 15 to 30 cm was recorded. Each strike contained 
the equivalent kinetic energy of 12.74 Joules. Gravimetric water content was also simultaneously 
determined and later used as a covariate in the statistical analysis of PR. Five measurements per 
plot were done.  
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3.3.2 Infiltration rate  
Infiltration rate was determined using a double ring infiltrometer (Eijkelkamp Agrisearch 
Equipment, 6987 ZG, Giiesbeek, Netherlands). Plant debris was carefully removed from the 
surface ensuring the soil was not disturbed. Plants were carefully cut making sure that within the 
rings, no plant material were more than 3 cm in height. The cylinders were inserted into the soil 
using a drop hammer to a depth of 3 to 5 cm. Short circuit flow or leakage was prevented by 
lightly tapping the contact between the soil and inside surface of the cylinder. Water would be 
poured inside both rings to a height of 10 to 15 cm ensuring that the same depth of water was 
used for both rings. The rate at which water was infiltrating into the soil was measured using the 
measuring rod at the center of the cylinder (Reynolds et al., 2002). Three measurements were 
done at each plot. 
 
3.3.3 Bulk Density 
Undisturbed samples for bulk density determination were collected using a core sampler 
with a diameter of 6.96 cm and height of 8.63 and a volume of 328.3 cm 
3
. The soil cores were 
oven dried at 105 °C for 48 h and weighed. Bulk density (ρb) (in g/cm
3
) was then calculated 
using Equation 1. 
t
s
b
V
m
    [Eq. 1] 
where ms is the mass of solids and Vt is the total volume of soil (Dane and Hopmans, 2002).  
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3.4 Laboratory Determinations 
Soil aggregate stability, polysaccharides and water retention were determined in the 
laboratory. Debris and trash was removed from the soil surface prior to sample collection as 
described by Okalebo et al. (2002). Sampling was done at three positions in each plot for each 
specific depth using a spade. After collection, the soil samples were taken to the laboratory, 
spread on a bench and air dried for 48 h and large clods broken by hand. 
 
3.4.1 Aggregate stability 
The fast wetting method described by Le Bissonnais (1996) was used to measure 
aggregate stability. Calibrated aggregates with a size of 3 to 5 cm were used. The aggregates 
were oven dried at 40° C for 24 h to ensure that all samples were at a constant matric potential. A 
5 g sample of aggregates was gently immersed in a 250 cm
3
 beaker filled with 50 cm
3
 of 
deionized water for 10 min. The water was then sucked off with a pipette leaving behind slaked 
aggregates. The slaked aggregates were then gently transferred onto a 0.053 mm sieve previously 
immersed in ethanol, to avoid re-aggregation during drying. The sieve was gently moved up and 
down in ethanol five times to separate the aggregates < 0.053 mm from those > 0.053 mm. The 
remaining > 0.053 mm fraction was oven dried at 40 °C for 24 h and its size distribution was 
measured by gently dry sieving by hand on a column of  2 mm, 1 mm, 0.5 mm, 0.2 mm, 0.1 mm 
and 0.053 mm sieves. The weight of each fraction was measured and the < 0.053 mm fraction 
was calculated as the difference between the initial weight and the sum of weights of the other 
six fractions. Aggregate stability was expressed as mean weight diameter (MWD) as shown in 
Equation 2 and as percentage aggregate size fractions of the seven classes. 
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where wi was the weight fraction of aggregates in size class i with a mean diameter ix   (Le 
Bissonnais, 1996). 
3.4.1.1 Extractable Polysaccharides 
Disturbed air-dried soil samples ground and passed firstly through a 2 mm sieve and then 
through a 0.15 mm sieve to remove plant remains, were used. The method described by Martens 
and Frankenberger Jr (1990) was used for extraction of the soil polysaccharides, after which the 
carbohydrate concentration was measured by the phenol-sulphuric method (Dubois et al., 1956). 
 
Total acid extractable polysaccharides 
One gram (1 g) of soil was mixed with 10 mL of 0.25 M H2SO4 and shaken in a rotary 
shaking machine for 16 h. The extracts were treated with 0.1 M EDTA to prevent co-
precipitation of saccharides with di- and trivalent cations. The soil suspension was then 
centrifuged at 10 000 rpm for 10 min and then 1 mL of the supernatant solution was used to 
determine polysaccharide concentration using the phenol-sulphuric method. 
 
Hot water extractable polysaccharides 
One gram (1 g) of soil was mixed with 10 mL of hot distilled water at 85°C and heated in 
a water bath for 16 h. The extracts were treated with 0.1 M EDTA to prevent co-precipitation of 
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saccharides with di- and trivalent cations. The soil suspension was centrifuged at 10 000 rpm for 
10 min and then 1 mL of the supernatant solution was used to determine polysaccharide 
concentration using the phenol-sulphuric method . 
A standard curve was prepared by dispensing varied volumes of 100 mg/L solution of standard 
glucose solution into labeled test tubes. The varied volume of each tube was then filled up to 50 
mL by adding distilled water to create varied concentrations of 0, 2, 5, 10, 20, 40 and 60 mg/L. 
One mL from each varied concentration was then transferred to another test tube in which 0.5 
mL phenol reagent (4% w/v) and 2.5 mL of concentrated sulphuric acid was added, and the 
mixture vigorously shaken. After allowing the mixture to stand at room temperature for 30 min, 
absorbance was then measured using a Helios Delta Thermo Spectrometer (Thermo Fisher 
Scientific, England) at 490 nm. The same procedure was then done for the samples with 
unknown concentrations.  
 
3.4.2 Water Retention and Release 
The pressure plate apparatus (Soil Moisture Equipment Corp., Goleta, CA) was used to 
determine water retention and release properties of the soil samples. Disturbed soil samples 
passed through a 2 mm sieve were used for the water retention and release measurements (Dane 
and Hopmans, 2002; Cresswell et al., 2008). The ceramic porous plates were first saturated for 
24 h in 0.005 M CaSO4 solution. The disturbed soil samples were contained in polyvinyl rings 2 
cm in height and 4.5 cm diameter. The disturbed soil samples were packed in the polyvinyl rings 
at a bulk density of 1.6 g/cm, the average bulk density of the soils in the field. The soil samples 
were then directly placed onto the ceramic plate surface and saturated with 0.005 M CaSO4 for 
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24 h. The ceramic plate with the soil samples would then be transferred into the pressure 
chamber and air forced in at 33, 75, 100, 200 800 and 1500 kPa. Equilibrium would be 
determined once outflow of water from the pressure chamber had ceased and this took from 24 h 
to 17 days depending on the pressure. At equilibrium the samples gravimetric water content was 
determined (Dane and Hopmans, 2002). The samples from the pressure chamber at equilibrium 
were immediately weighed and dried at 105 °C for 48 h and reweighed again. The gravimetric 
water content ω  (kg/kg), of the soil samples was calculated using Equation 3. 
 
sm
wmω     [Eq. 3] 
where mw was the mass of water and ms the mass of dry soil. The gravimetric water content was 
converted to the volumetric water content by multiplying the gravimetric water content values 
with the bulk density value. The volumetric water content was plotted against the suction values 
to produce the soil-water characteristic curves. 
 
3.5 Statistical analysis 
Analysis of variance was performed using JMP
®
 Release 9.0 statistical package (JMP
®
, 
2010). Mean separations was done using Fishers protected Least Significant Difference (LSD) at 
P ≤ 0.05. Correlation analysis was done to determine the association between the aggregate 
stability and extractable polysaccharides. 
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CHAPTER FOUR 
4.0 RESULTS 
 
4.1 EXPERIMENT ONE: Soil Strength, Aggregate Stability and Water Conservation after 
Four Years and Four Rotations with Winter Cover Crops Grown as Monoculture in a 
Maize Based Conservation Agriculture System. 
 
4.1.1 SOIL STRENGTH 
There were no significant differences (p ≤ 0.05) observed in the bulk density values with 
the use of WRCC grown as monocultures within the two depths after the four rotations compared 
to the weedy fallow control (Figure 4.1). However, within the 0 to 15 cm soil layer, WRCC 
vetch, lupin and oats reduced bulk density by 3%, 4.3% and 3% respectively, compared to the 
control. Within the 15 to 30 cm depth, WRCC vetch and oats slightly increased bulk density by 
4.9% and 1.2% respectively, compared to the control.  
 
After four years and four rotations with WRCC there was a significant (P = 0.043) interaction 
between cover crop and depth (Table 4.1). Whilst PR increased with an increase in depth (0 to 15 
and 15 to 30 cm) for vetch and lupin, oats and the weedy fallow control showed no significant  
(P ≤ 0.05) increase in PR with an increase in depth. Within the 0 to 15 cm and 15 to 30 cm soil 
layers, oats significantly (P ≤ 0.05) reduced PR by 104.2% and 83.7% respectively, compared to 
the control. Within the 0 to 15 and 15 to 30 cm soil layers, vetch consistently resulted in 
increased PR by 11.8% and 42.5% respectively, compared to the control. 
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Figure 4.1. Bulk density at two depths as affected by winter rotational cover crops grown as 
monocultures after four rotations in a maize based conservation agriculture system in a 
hardsetting soil.(Bars indicate standard deviation). 
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Table 4.1. Penetration resistance (Joules) at two depths as affected by winter rotational cover 
crops grown as monocultures after four rotations in a maize based conservation agriculture 
system on a hardsetting soil. 
 Treatments 
 
Depth  vetch Lupin                              Oats 
 
PR (Joules) 
Weedy control 
 
0 to 15 cm 
 
130.6aA† 109.9aA 57.2bA 116.8aA 
15 to 30 cm  
 
175.1aB 161.3abB 66.9cA 122.9bA 
ANOVA 
 
Main effects 
WRCC 
 
< 0.001*** 
Depth 
 
0.007** 
WRCC x Depth  
 
0.043* 
By Depth 
 
 
0 to 15 cm 
 
0.018* (19.3) 
15 to 30 cm 
 
0.029* (15.9) 
 
† Within depths means followed by the same lowercase letter are not significantly different at P ≤ 0.05. In each 
column, means followed by the same uppercase are not significantly different at P ≤ 0.05.  
* significance at P ≤ 0.05; ** significance at P ≤  0.01; *** significance at P ≤  0.001. 
Values in parenthesis are coefficient of variation, CV%. 
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4.1.2 AGGREGATE STABILITY 
 
4.1.2.1 Mean weight diameter and aggregate size fractions. 
After the four rotations, WRCC significantly (P ≤ 0.05) increased mean weight diameter 
(MWD) within the 0 to 15 cm and 15 to 30 cm soil layers compared to the weedy fallow control. 
Vetch, lupin and oats significantly (P ≤ 0.05) increased MWD by 41.4%; 20.4% and 15.7% 
respectively within the 0 to 15 cm soil layer compared to the control (Table 4.2). A similar 
significant increase (P ≤ 0.01) was also observed under WRCC within the 15 to 30 cm soil layer 
where vetch, lupin and oats increased MWD by 47.2%; 44.2% and 39.7% compared to the 
weedy fallow control. A similar trend of increase was also observed across the 0 to 15 cm and 15 
to 30 cm soil layers for the macro aggregates, the > 1 mm and the 1 to 0.250 mm aggregate size 
fractions, where WRCC significantly (P ≤ 0.05) increased the percentage of aggregates within 
these classes compared to the control. Within 0 to 15 cm soil layer, vetch, oats and lupin 
increased the macro-aggregate fraction by 29.5%; 28.4% and 27.3% respectively, compare to the 
control. The effects were more pronounced within the 15 to 30 cm soil layer where vetch, oats 
and lupin resulted in a highly significant increase in the macro aggregate size fraction (P ≤ 
0.001). The 0.250 to 0.106 mm size constituted the greatest fraction among the aggregate size 
fractions across all treatments within the two soil layers. 
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Table 4.2. Effects of winter rotational cover crops grown as monocultures on soil aggregate size 
fractions, macro aggregates, mean weight diameter (MWD) under conservation agriculture. 
Aggregate size fractions (mm) 
Treatment > 1 1- 0.250  0.250- 
0.106 
0.106-
0.053 
 < 0.053 Macro-
aggregates† 
MWD 
Mm 
 
0 to 15 cm depth 
 
% 
Vetch 7.07a‡ 20.28ab 54.23 12.23 6.84a 28.15a 0.396a 
Oats 7.93a 19.98ab 55.10 10.05 7.70a 27.91a 0.324a 
Lupin 5.33b 22.23a 54.87 11.67 6.12a 27.66a 0.337a 
Weedy 
fallow 
(control) 
3.93c 17.8b 50.85 10.73 16.72b 21.73b 0.280b 
15 to 30 cm depth 
% 
Vetch 4.00a 20.43a 57.55 11.67 6.65a 24.43a 0.293a 
Oats 3.83a 21.48a 58.82 11.33 5.96a 27.30a 0.278a 
Lupin 3.18ab 23.68a 54.38 10.72 7.17a 26.86a 0.287a 
Weedy 
fallow 
(control) 
2.40b 3.24b 54.82 11.67 23.34b 5.64b 0.199b 
ANOVA                                                  P value 
 0 to 15 cm <0.001*
** (10.3) 
 0.04* 
(17.9) 
NS 
(8.1) 
NS 
(16.7) 
<0.001*** 
(18.9) 
0.007** 
(6.1) 
0.049* 
(11.3) 
15 to 30 cm 0.012** 
(12.6) 
0.001*** 
(23.9) 
NS 
(5.9) 
NS 
(14.8) 
0.005** 
(36.2) 
< 0.001*** 
(39.4) 
0.009** 
(9.2) 
*significant at P ≤ 0.05; ** significant at P ≤ 0.01; *** significant at P ≤ 0.001; NS = not significant 
‡No letters within a column indicates no significant differences between treatments. 
† Soil aggregates ≥ 0.250mm in diameter; Values in parentheses are coefficients of variation, CV%. 
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4.1.2.2 Soil polysaccharides  
Generally there were higher values observed for the WRCC monocultures compared to 
the weedy fallow control on both the dilute acid extractable polysaccharides (DAEPS) and hot 
water extractable polysaccharides (HWEPS) across the two soil layers (Figure 4.2 and Figure 
4.3). The highest concentrations of soil polysaccharides were observed within the dilute acid 
extracts for the WRCC monocultures. After four rotations, a significant difference (P ≤ 0.05) 
was observed between WRCC monocultures and the weedy fallow control on DAEPS within the 
0 to 15 cm and the 15 to 30 cm soil layer. Vetch, oats and lupin increased the DAEPS within the 
0 to 15 cm soil layer by 22.4%; 23% and 39.2% respectively. Within the 15 to 30 cm soil layer, a 
similar increase was also observed under WRCC. Across depths, a slight increase was observed 
across all treatments with an increase in depth for the DAEPS. There were no significant 
differences were observed between WRCC monocultures and the weedy fallow control for the 
HWEPS across the two depths. Oats and lupin showed consistently higher contents for the 
HWEPS fraction compared to the weedy control within the 0 to 15 cm and 15 to 30 cm soil 
layers.  
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Figure 4.2. Influence of winter rotational cover crops on dilute acid extractable polysaccharides 
(DAEPS) at two depths after four rotations involving monocultures in a maize based 
conservation agriculture system on a hardsetting soil. (Bars indicate standard deviation). 
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Figure 4.3. Influence of winter rotational cover crops on hot water extractable polysaccharides 
(HWEPS) two depths after four rotations involving monocultures in a maize based conservation 
agriculture system on a hardsetting soil. (Bars indicate standard deviation). 
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4.1.2.3 Correlation of soil polysaccharides with aggregate stability 
Mean weight diameter was correlated with the acid extractable and hot water extractable 
polysaccharides within the 0 to 15 cm and 15 to 30 cm soil layers to assess the roles of the 
polysaccharide fractions in stabilizing soil aggregates. There were no significant correlations 
observed between the DAEPS and MWD across the 0 to 15 cm and the 15 to 30 cm soil layers 
after four rotations with WRCC monocultures (Table 4.3). Hot water extractable polysaccharides 
correlated negatively but significantly (P ≤ 0.05) with MWD across the two depths (Table 4.3). 
 
Table 4.3. Correlation of soil polysaccharides with aggregate stability. 
 
  
 
Extraction 
procedure 
0 to 15 cm 15 to 30cm 
 
observations 
 
Correlation 
coefficient 
 
observations 
 
Correlation 
coefficient 
Monoculture 
cover crops 
 
 
 
DAEPS‡ 
 
 
 
12 
 
 
 
0.27 ns 
 
 
 
12 
 
 
 
0.39 ns 
  
HWEPS 
 
 
12 
 
− 0.55* 
 
12 
 
− 0.48* 
 
* significant at P ≤ 0.05; ns = not significant 
‡ DAEPS, dilute acid- extractable polysaccharides; HWEPS, hot water – extractable polysaccharides 
 
 
 
4.1.3 WATER CONSERVATION 
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4.1.3.1 Infiltration 
Oats showed a significant difference (P ≤ 0.05) in total infiltrated water compared to the 
control after 2 hours (Fig 4.4). Within the first 30 minutes, cumulative infiltration was 
significantly higher in soils under WRCC compared to the weedy fallow control. After 30 
minutes, oats continued to show a consistent significant increase in cumulative infiltration. 
However, vetch and lupin showed a decrease in infiltration, consequently resulting in a decrease 
in cumulative infiltration showing no significant differences from the control. There were no 
significant differences were observed between all treatments in final infiltration rates (FIR) after 
the four rotations involving WRCC monocultures (Fig 4.4). Oats resulted in a 7.8% increase in 
FIR whilst vetch and lupin decreased FIR by 9% and 16.7% compared to the control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover crop   FIR mm/h
 
oats    10.38a 
vetch    9.00a 
lupin    8.25a 
weedy fallow (control) 9.63a 
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Figure 4.4. Cumulative infiltration as a function of time for a hardsetting soil under different 
winter rotational cover crops in a maize based conservation agriculture system. (Bars indicate 
standard deviation and same letters preceding the final infiltration rate (FIR) indicate no 
significant (P ≤ 0.05) difference between treatments). 
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4.1.3.2 Water retention characteristics 
After four rotations, WRCC resulted in significant (P ≤ 0.05) increase in plant available 
water (PAW) compared to the weedy fallow control (Table 4.4). Vetch, lupin and oats resulted in 
a 28.3%, 23.9% and 22% increase in PAW respectively, compared to the control. At a water 
potential of -33 kPa and -100 kPa, a significant (P ≤ 0.05) increase was observed on water 
retention between WRCC and the control, with the control retaining the least amount of water 
(Figure 4.5). This trend was consistent across the plant available water range (-33 kPa to -1500 
kPa) where the weedy fallow control retained the least amount of water compared to the WRCC. 
Within the –33 kPa matric potential, vetch, oats and lupin increased water retention by 20%, 
14.7% and 15.1% respectively, compared to the control. Most of the water retained in the soil 
was released between -33 kPa and -200 kPa matric potential across all treatments. 
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Table 4.4. Water retention characteristics of a hardsetting soil after growing winter rotational 
cover crops as monocultures under CA in a maize based system.  
 
Matric potential of 
water (kPa) 
-33 -1500 PAW† 
 
Treatment 
Soil water ( cm
3
 cm
-3
) 
0 to 30 cm depth 
 
 
Vetch 
 
0.342a†† 
 
0.138 
 
0.204a 
Oats 0.327a 0.133 0.194a 
Lupin 0.328a 0.132 0.197a 
Weedy fallow 
(control) 
0.285b 0.126 0.159b 
ANOVA   P value  
 0.0189* (4.8) NS (4.5) 0.0257* (7.1) 
 
* = significant at (P ≤ 0.05), NS = not significant at P ≤ 0.05. 
† plant available water between field capacity (-33kPa) and permanent wilting point (-1500 kPa). 
†† different letters within a column indicate significant difference among treatments at P ≤ 0.05.  
Values in parentheses are coefficients of variation, CV %. 
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Figure 4.5. Effects of winter rotational cover crops grown as monocultures after 4 rotations on 
water retention characteristics of a hardsetting soil. (Bars indicate standard deviation). 
 
 
 
 
47 
 
4.2 EXPERIMENT TWO: Soil Strength, Aggregate Stability and Water Conservation after 
Two Years and Two Rotations with Winter Cover Crops Grown as Biculture in a Maize 
Based Conservation Agriculture System. 
 
4.2.1 SOIL STRENGTH 
There were no significant differences observed between WRCC grown as bicultures and 
the control of weedy fallow across the two soil layers. Bulk density also did not significantly 
change with an increase in depth for the control, with a similar trend being observed under cover 
crop bicultures (Figure 4.6). Within the 0 to 15 cm soil layer, cover crop bicultures resulted in a 
slightly increased bulk density relative to the control, with both treatments O70V30 and O90V10 
resulting in a 1.9% increase in bulk density. 
 
Within the 0 to 15 cm soil layer, no significant differences (P ≤ 0.05) were observed in 
penetration resistance (PR) between treatments (Table 4.5). The treatments O50V50 and 
O70V30 resulted in a respective 6.6% and 4.6% increase in PR within the 0 to 15 cm soil layer. 
However, significant differences (P = 0.028) were observed across treatments within the 15 to 30 
cm soil layer with the treatments O50V50 and O70V30 consistently increasing PR by 11% and 
1.7% respectively, compared to the control. The treatment O90V10 resulted in a decrease in PR 
compared to the control by 14.8% within the 15 to 30 cm soil layer. A significant increase (P ≤ 
0.001) in PR was observed with an increase in depth for all the treatments. 
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Figure 4.6. Bulk density at two depths as affected by winter rotational cover crops grown as 
bicultures after two rotations in a maize based conservation agriculture system in a hardsetting 
soil. ( O50V50 = oats 50% + vetch 50%; O70V30 = oats 70% + vetch 30%; O90V10 = oats 90% 
+ vetch 10 % where percentages refer to the percentage of the recommended seed rate that is 
used in a monoculture that is 100 kg/ha for oats and 50 kg/ha for grazing vetch; bars indicate 
standard deviation). 
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Table 4.5. Penetration resistance (Joules) at two depths as affected by winter rotational cover 
crops grown as bicultures after two rotations in a maize based conservation agriculture system on 
a hardsetting soil. 
 Treatments 
 
Depth  O50V50 O70V30                  O90V10 
PR (Joules) 
 
Weedy control 
 
0 to 15 cm 
 
149.3aB† 146.5aB 140.5aB 140.1aB 
15 to 30 cm  
 
203.8aA 186.8aA 159.8bA 183.6abA 
ANOVA 
 
Main effects 
WRCC 
 
Ns 
Depth 
 
< 0.001*** 
WRCC x Depth  
 
Ns 
By Depth 
 
 
0 to 15 cm 
 
ns (14.0) 
15 to 30 cm 
 
0.028* (6.8) 
† Within depths means followed by the same lowercase letter are not significantly different at P ≤ 0.05. In each 
column, means followed by the same uppercase letter are not significantly different at P ≤ 0.05.  
‡ O50V50 = oats 50% + vetch 50%; O70V30 = oats 70% + vetch 30%; O90V10 = oats 90% + vetch 10 % where 
percentages refer to the percentage of the recommended seed rate that is used in a monoculture that is 100 kg/ha for 
oats and 50 kg/ha for grazing vetch. 
*** significant at P ≤ 0.001; * significant at P ≤ 0.05; ns = not significant.  
Values in parenthesis are coefficient of variation, CV%. 
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4.2.2 AGGREGATE STABILITY 
 
4.2.2.1 Mean weight diameter and aggregate size fractions. 
There were no significant differences observed in mean weight diameter (MWD) values 
between treatments after two rotations within the 0 to 15 cm and the 15 to 30 cm soil layer 
(Table 4.6). However, within the 0 to 15 cm soil layers, bicultures O50V50, O70V30, O90V10 
slightly improved MWD by 9.8%; 9.5% and 14.4% respectively compared to the control. A 
similar trend of improvement was also observed within the 15 to 30 cm soil layer where the 
treatments O50V50, O70V30, O90V10 also improved MWD by 2.7%; 6.5% and 4.7% 
respectively. There were no significant differences observed on the macro-aggregates between 
treatments across the individual soil layers with however slight increases in percentage of 
aggregates within this class under biculture treatments compared to the control. Within the 0 to 
15 cm soil layer, a similar trend was also observed in the > 1 to 0.053 mm aggregate size fraction 
range, where bicultures slightly improved the percentages in the individual classes compared to 
the control. However, this trend was not evident within the 15 to 30 cm soil layer. The 0.250 to 
0.106 mm ASF constituted more than 50% of the aggregates among all treatments. 
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Table 4.6. Effects of winter rotational cover crops grown as bicultures on soil aggregate size 
fractions, macro aggregated and mean weight diameter (MWD) under conservation agriculture. 
 Aggregate size fractions (mm)  
 
Treatment  
> 1 1-0.25 0.25 – 
0.106 
0.106 – 
0.053 
 < 0.053  Macro- 
aggregates‡ 
MWD 
mm 
 
  
0 to 15 cm depth 
 
% 
 
  
O50V50# 6.28† 12.70 57.18 12.61 10.63b 20.11 0.359 
O70V30 7.00 13.11 56.12 14.31 10.01b 19.40 0.358 
O90V10 7.40 12.00 54.58 14.57 10.51b 19.98 0.374 
Weedy 
fallow 
5.57 11.93 55.13 13.25 13.88a 18.98 0.327 
  15 to 30 cm depth 
% 
  
O50V50 8.96 13.29 53.18b 13.55 11.03b 22.25 0.348 
O70V30 6.78 14.58 55.83a 13.53 11.27b 21.36 0.361 
O90V10 7.34 13.60 54.43b 13.83 10.73b 20.94 0.355 
Weedy 
fallow 
6.38 13.24 53.65b 13.57 13.87a 19.62 0.339 
ANOVA                                                        P value 
0-15 cm NS  
(10.8) 
NS  
(12.3) 
NS  
(2.9) 
NS  
(10.5) 
0.01 
 (9.4) 
NS  
(8.5) 
NS  
(5.2) 
15-30 cm NS 
(19.0) 
NS 
(11.5) 
0.013* 
(2.8) 
NS 
(11.3) 
0.037* 
(5.6) 
NS  
(9.5) 
NS  
(3.7) 
‡ Soil aggregates ≥ 0.250mm in diameter; # O50V50 = oats 50% vetch 50%; O70V30 = oats 70% vetch 30%; 
O90V10 = oats 90% vetch 10 % where percentages refer to the percentage of the recommended seed rate that is 
used in a monoculture that is 100 kg/ha for oats and 50 kg/ha for grazing vetch; †No letters within a column 
indicates no significant differences;* Significant at P ≤ 0.05; NS = not significant; Values in parentheses are 
coefficients of variation, CV %. 
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4.2.2.2 Soil polysaccharides  
Significantly (P ≤ 0.05) higher contents of dilute acid extractable polysaccharides 
(DAEPS) were observed under bicultures compared to the weedy fallow control within the 0 to 
15 and 15 to 30 cm soil layers (Figure 4.7). The treatments O50V50, O70V30 and O90V30 
increased the contents of the DAEPS fraction within the 0 to 15 cm soil layer by 35.3%; 38.6% 
and 34.7% respectively. A similar trend was also observed within the 15 to 30 cm soil layer 
where O50V50, O70V30 and O90V30 increased DAEPS by 31.9%; 39.6 and 34.1% 
respectively. There was a slight increase in DAEPS content with an increase in depth across all 
treatments. Significant differences (P ≤ 0.05) were also observed in hot water extractable 
polysaccharides (HWEPS) within the 0 to 15 and 15 to 30 cm soil layers (Figure 4.8). The 
treatments O70V30 and O90V30 increased HWEPS by 22.7% and 19.7% respectively, within 
the 0 to 15 cm soil layer whilst O50V50, O70V30 and O90V30 increased HWEPS by 14.4%; 
40.1% and 83.5% respectively, within the 15 to 30 cm soil layer, compared to the weedy fallow 
control. More polysaccharides were observed by extracting with dilute acid as compared to using 
hot water across all treatments. 
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Figure 4.7. Influence of winter rotational cover crops on dilute acid extractable polysaccharides 
(DAEPS) at two depths after two rotations involving bicultures in a maize based conservation 
agriculture system on a hardsetting soil.(O50V50 = oats 50% + vetch 50%; O70V30 = oats 70% 
+ vetch 30%; O90V10 = oats 90% + vetch 10 % where percentages refer to the percentage of the 
recommended seed rate that is used in a monoculture that is 100 kg/ha for oats and 50 kg/ha for 
grazing vetch; bars indicate standard deviation). 
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Figure 4.8. Influence of winter rotational cover crops on hot water extractable polysaccharides 
(HWEPS) two depths after two rotations involving bicultures in a maize based conservation 
agriculture system on a hardsetting soil. (O50V50 = oats 50% + vetch 50%; O70V30 = oats 70% 
+ vetch 30%; O90V10 = oats 90% + vetch 10 % where percentages refer to the percentage of the 
recommended seed rate that is used in a monoculture that is 100 kg/ha for oats and 50 kg/ha for 
grazing vetch; bars indicate standard deviation). 
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4.2.2.3 Correlation of soil polysaccharides with aggregate stability 
Extracted polysaccharides were correlated with MWD values to identify the role of these 
polysaccharides in aggregate stabilization. There was no significant (P ≤ 0.05) correlation 
observed between the DAEPS and MWD across the two depths after two rotations involving 
bicultures (Table 4.7). Within the HWEPS fraction, significant correlations (P ≤ 0.01) were 
observed within the 15 to 30 cm soil layer only, with no significant differences being observed 
within the 0 to 15 cm soil layer (Table 4.7).  
 
Table 4.7. Correlation of soil polysaccharides with aggregate stability. 
  
 
Extraction 
method 
0 to 15 cm 15 to 30cm 
 
observations 
 
Correlation 
coefficient 
 
observations 
 
Correlation 
coefficient 
Biculture 
cover crops 
 
DAEPS‡ 
 
12 
 
0.19ns 
 
12 
 
0.41ns 
  
HWEPS 
 
12 
 
0.36ns 
 
12 
 
0.71** 
* significant at P ≤ 0.05; ** significant at P ≤ 0.01; ns = not significant 
‡ DAEPS, dilute acid- extractable polysaccharides; HWEPS, hot water – extractable polysaccharides. 
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4.2.3 WATER CONSERVATION 
 
4.2.3.1 Infiltration 
After 2 hours of infiltration, cover crop bicultures showed a significant (P ≤ 0.05) increase in 
cumulative infiltration compared to the control (Figure 4.9). Within the first 30 minutes, no 
significant differences were observed between treatments. However, beyond 30 minutes, the 
cover crop bicultures exhibited a consistent increase in infiltration whilst the control showed a 
decreased infiltration, consequently reducing the cumulative infiltration. The O50V50 treatment 
showed the greatest cumulative infiltration among the treatments. Significant differences (P ≤ 
0.05) were observed between the biculture treatments and the control in FIR (Figure 4.9). The 
treatments O50V50, O70V30 and O90V10 resulted in a 163.3%, 105.4% and 113.3% increase in 
FIR compared to the control. 
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Figure 4.9: Cumulative infiltration as a function of time for a hardsetting soil under different 
bicultures in a maize based conservation agriculture system. (Bars indicate standard deviation 
and different letters preceding the final infiltration rate (FIR) indicate significant (P ≤ 0.05) 
difference between treatments). 
Cover crop   FIR mm/h 
O50V50   16.67a 
O70V30   13.00a  
O90V10   13.50a  
Weedy fallow (control) 6.33b  
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4.2.3.2 Water retention characteristics. 
After two rotations, no significant differences were observed on PAW between bicultures and the 
control. The bicultures O50V50 and O70V30 resulted in a 6% and 4% increase in PAW 
respectively compared to the control. However, the biculture of O90V10 resulted in a decrease in 
PAW by 1% compared to the control (Table 4.8). Within the plant available water range, 
bicultures consistently resulted in increased water retention values compared to the control 
(Figure 4.10). A significant difference between bicultures and the control in water retention was 
only observed at a matric potential of – 200 kPa. At field capacity (-33kPa water potential), 
O50V50, O70V30 and O90V10 increased water retention by 4.5%, 2.5% and 1.4% compared to 
the control. Across the plant available water range, cover crop bicultures showed consistently 
higher water retention capacity compared to the weedy fallow and this was more pronounced 
within the -100 kPa to -800 kPa water potential range. 
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Table 4.8. Water retention characteristics of a hardsetting soil after growing two rotations 
WRCC of bicultures under CA in a maize based system.  
 
Matric potential of 
water (kPa) 
-33 -1500 PAWC† 
 
Treatment 
Soil water ( cm
3
 cm
-3
) 
0 to 30 cm depth 
 
 
O50V50# 
 
0.232 
 
0.126 
 
0.106 
O70V30 0.227 0.122 0.104 
O90V10 0.225 0.126 0.099 
Weedy fallow 
(control) 
0.222 0.121 0.100 
ANOVA P value   
 NS (1.7) NS (4.6) NS (7.3) 
NS = not significant at P < 0.05 
† plant available water between field capacity (-33 kPa) and permanent wilting point    (-1500 kPa). 
# O50V50 = oats 50% vetch 50%; O70V30 = oats 70% vetch 30%; O90V10 = oats 90% vetch 10 %, where 
percentages refer to the percentage of the recommended seed rate that is used in a monoculture that is  100 kg/ha for 
oats and 50 kg/ha for grazing vetch. 
Values in parentheses are coefficient of variation, CV %. 
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Fig 4.10. Effects of winter rotational cover crops grown as bicultures after 2 rotations on water 
retention characteristics of a hardsetting soil at 0 to 30 cm soil layer. (Bars indicate standard 
deviation, (O50V50 = oats 50% vetch 50%; O70V30 = oats 70% vetch 30%; O90V10 = oats 
90% vetch 10%, where percentages refer to the percentage of the recommended seed rate that is 
used in a monoculture that is 100 kg/ha for oats and 50 kg/ha for grazing vetch). 
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CHAPTER FIVE 
 
5.0 DISCUSSION  
 
5.1 Soil Strength, Aggregate Stability and Water Conservation after Four Years and Four 
Rotations with Winter Cover Crops Grown as Monoculture in a Maize Based Conservation 
Agriculture System 
 
5.1.1 SOIL STRENGTH 
Bulk density may reach equilibrium after 3 to 5 years under CA and no significant 
changes are expected even with residue additions from cover cropping practices (Krzic, 1997, 
Lampurlanes and Cantero-Martinez, 2003). Our findings are consistent with Villamil et al. 
(2006) and Calegari et al. (2010) who observed that bulk density at 0 to 15 cm and 15 to 30 cm 
was not significantly affected by cover crops after 4 and 19 rotations respectively. The results are 
also in agreement with Logsdon and Karlen (2004) and Obalum and Obi (2010) in which the ρb , 
was not significantly affected by cover crops and weedy fallows. Although not significant at p ≤ 
0.05, the observed slight decrease in ρb under WRCC within the 0 to 15 cm may nonetheless be 
credited to increased biomass additions under cover crops compared to weedy fallow. Since 
these residues are not incorporated into the soil, this may explain why their effects on bulk 
density were observed only in the 0 to 15 cm layer in this study. Nevertheless, studies comparing 
effects of CA and cover cropping on soil ρb have produced variable and contradictory results 
mainly due to differences in soil type, climatic conditions and cropping sequence (Mandal et al., 
2004; Alvarez and Steinbach., 2009). 
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Penetration resistance has been observed to be more responsive to effects of cover crops in CA 
systems than ρb  (Fabrizzi et al., 2005). Cover crops like vetch which can produce high biomass 
in winter, can have increased water demand compared to weeds, resulting in intensification of 
wetting and drying cycles of the underlying soil (Osunbitan et al., 2005). In this study, vetch 
resulted in consistently higher PR values compared to the weedy fallow across the individual soil 
layers (Table 4.1). Similar increased PR values under vetch have also been observed by Villamil 
et al. (2006) compared to the weedy fallow treatment under CA. It is speculated that the 
increased water demand under vetch intensified the wetting and drying cycles in the underlying 
soil (Angers and Caron, 1998; Villamil et al., 2006). This leads to a closer contact between soil 
particles and may be responsible for the general increase in PR compared to the control. 
However, oats within the individual soil layers consistently had lower PR values compared to the 
control. The numerically lower PR for the oats monoculture can be likely a reflection of the 
dense root mass under oats, which leave more root channels after decomposition thus providing 
less penetration resistance (Amuri and Brye, 2008; Jokela et al., 2009;). 
 
5.1.2 AGGREGATE STABILITY 
Preliminary findings from this study showed that biomass inputs (including maize stover) added 
from winter rotational cover crops systems are greater than those added by the weedy fallow 
(Murungu et al., 2010b). Winter rotational cover crops increased aggregate stability after four 
rotations and this may be due to increased organic matter additions from cover crops compared 
to the control. Organic matter has been extensively correlated with aggregate stability (Ramos et 
al., 2010) and plays a key role in forming nuclei and also as binding agents in aggregate 
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formation and stabilization. Our findings are also consistent with other reports of increased 
aggregate stability and aggregate size fractions with legume and grass cover crops compared to 
weedy fallow (Villamil et al., 2006; Jokela et al., 2009; Calegari et al., 2010). The observed 
higher MWD at 0 to 15 cm depth compared to 15 to 30 cm depth maybe a result of surface 
applied organic matter and increased biological activity in this soil layer. Organic matter 
additions are normally associated with high biological activity resulting in an increase in MWD 
(Verhulst et al., 2010).  
 
Soil polysaccharides represent the main component of the labile pool of organic matter mostly 
affected by agronomic practices (Spaccini et al., 2001). When using rice mill wastes and poultry 
manure as soil organic amendments instead of cover crops, Adesodun et al. (2001) observed 
poor correlation values for soil polysaccharides and aggregate stability. Similarly, hot water and 
dilute acid extractable soil polysaccharides correlated poorly with MWD in the current study. 
This is also in agreement with Spaccini et al. (2001; 2004) who reported poor correlations 
between aggregate stability and soil polysaccharides. Soil polysaccharides are of a transient 
nature (Adesodun et al., 2001), and this may explain the poor correlation between MWD and soil 
polysaccharides. However, the relationship between aggregate stability and soil polysaccharides 
is not always obvious (Abiven et al., 2009). Conversely, Ball et al. (1996) and Liu et al. (2005) 
showed positive correlations between soil polysaccharides and aggregate stability. Soil 
polysaccharides, as indicated in this study, are a poor indication of aggregate stability and 
extracted polysaccharides alone cannot be used in the physical interpretation of soil aggregate 
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stability. Other binding agents like humified organic compounds, whose effects are greater than 
soil polysaccharides may be involved in the stabilizing of soil aggregates (Spaccini et al., 2001). 
 
5.1.3 WATER CONSERVATION 
Infiltration has been shown to be a surface phenomenon, which is greatly regulated by 
surface pore clogging which results in seal formation (Baumhardt and Jones, 2002; Verhulst et 
al., 2010). The results of this study are consistent with Folorunso et al. (1992); Thierfelder and 
Wall (2009); Osuji et al. (2010) in which improved infiltration was observed under cover crops. 
High cumulative infiltration under oats has also been reported (Astier et al., 2006), and may be 
caused by increased root channels developed from decomposing root material (Amuri and Brye, 
2008). Grasses such as oat tend to have dense rooting systems. This indicates that, when 
compared to no cover crops, soil profiles under cover crops are likely to receive more water 
especially under rain-fed conditions. However, the final infiltration rate (FIR) was not 
significantly different among all treatments, contrasting with aggregate stability values. A similar 
observation was made by Wakindiki and Ben-Hur (2002); Baumhardt and Jones (2002) who 
concluded that aggregate stability of a soil is not the only factor that influences FIR. Under long 
irrigation or rainfall durations, aggregate breakdown due to slaking constitutes a major factor 
leading to surface pore clogging and seal formation. This phenomenon may be more pronounced 
under structurally degraded soils like the ones in this study, and may explain the non significant 
differences in FIR. 
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Soil water retention characteristics are closely related to the soil structural stability (aggregate 
stability). Organic matter additions improve aggregation, thus soils under WRCC are able to hold 
more plant available water than weedy fallows (Osunbitan et al., 2005). The improved water 
retention capacity under cover crops may be a reflection of improved aggregate stability within 
this study. Improved aggregate stability is associated with an increase in micro-pores which are 
responsible for retaining water within the plant available water range (Bescansa et al., 2006; 
Fernandez-Ugalde et al., 2009).   
 
5.2 Soil Strength, Aggregate stability and Water Conservation after Two Years and Two 
Rotations with Winter Cover Crops Grown as Biculture in a Maize Based Conservation 
Agriculture System. 
 
5.2.1 SOIL STRENGTH 
Bulk density has been observed to be among the physical parameters that are not 
significantly affected by cover cropping sequencing (Calegari et al., 2010). The results of this 
study are in agreement with that of Villamil et al. (2006), in which the ρb of a soil under CA with 
biculture of oats and vetch and weedy fallow, was shown not to significantly change. After 19 
years of cover cropping, Calegari et al. (2010) also reported non-significant differences on ρb 
compared to the weedy fallow. It is generally agreed that winter cover crops grown as bicultures 
have no significant effects on soil bulk density compared to weedy fallow under CA (Logsdon 
and Karlen, 2004). However, soil type, climatic conditions and cropping sequence have been 
identified as factors likely to affect soil ρb (Mandal et al., 2004, Alvarez and Steinbach, 2009). 
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The treatment O5V50 had the highest ratio of vetch which has been reported to increase the 
water demands within a soil profile. This intensifies the wetting and drying cycles within the 
soil, which causes an increase in soil strength (Osunbitan et al., 2005; Martins et al., 2009). The 
results of this study are in agreement with Villamil et al. (2006) in which vetch-oats biculture 
also resulted in increased PR compared to a weedy fallow treatment. The observed lower PR 
values under the O90V10 are evidence of the influence of oat within the treatment. The dense 
root mass of oats leaves more root channels upon decomposition, providing less PR (Jokela et 
al., 2009; Haynes and Beare, 1997). Grasses like oats have also been shown to have reduced 
water demands which can translate into less intense wetting and drying of the soil profile, and 
this can be another explanation for the observed lower PR values within the O90V10 (Amuri and 
Brye, 2008). 
 
5.2.2 AGGREGATE STABILITY 
Soil organic matter is important in soil aggregation and therefore agronomic practices 
that enhance organic matter addition onto the soil are essential in soil structural development and 
stability (Verhulst et al., 2010). Soil organic matter is among the factors that strongly influence 
structural stability of macro and micro-aggregates (Fuentes et al., 2009, Zibilske and Bradford, 
2007). In this study, non-significant increases in mean weight diameter (MWD) were observed 
under bicultures compared to the weedy fallow across the individual soil layers with a similar 
trend across the aggregate size fractions (ASF). Similar observations were made by Krzic, (1997) 
in which no significant differences were observed between the cover crops and the weedy fallow 
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after a two year rotation. According to Lampurlanes and Cantero-Martinez, (2003), during the 
first two to three years of cover cropping initiation, there is still humus build up with gradual 
improvement of structural stability. This may explain the non significant increases in MWD 
under bicultures compared to the fallow treatment. The high fine sand and silt content of 
hardsetting soils also limits the improvement of aggregate stability induced by cover cropping 
(Krzic, 1997). This may also explain the non-significant differences between bicultures and the 
weedy fallow which is aggravated by the extent of structural degradation of the hardsetting soils 
under study.  
In this study, both hot water and dilute acid extractable soil polysaccharides correlated poorly 
with MWD. The transient nature of soil polysaccharides is attributed to the poor correlation 
between MWD and soil polysaccharides (Adesodun et al., 2001). Similar observations were also 
made in experiment one and by Spaccini et al. (2001; 2004) and Adesodun et al. (2001) where 
poor correlations were reported. In this study, soil polysaccharides were indicated to be a poor 
indication of aggregate stability and cannot be used in the physical interpretation of soil 
aggregate stability. This poor correlation indicates the influence of other binding agents whose 
effect is greater than soil polysaccharides in the formation of stable aggregated (Spaccini et al., 
2001). 
 
5.2.3 WATER CONSERVATION 
Cumulative infiltration was shown to be significantly higher under cover crops compared 
to the weedy fallow in this study. However, infiltration has been shown to be a surface 
phenomenon which is greatly regulated at the soil surface by pore clogging (Verhulst et al., 
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2010; Baumhardt and Jones, 2002). The results of this study are similar to those of Folorunso et 
al. (1992) in which oat-vetch biculture resulted in a higher infiltration rate compared to a weedy 
control. This was attributed to the improved aggregation under bicultures which reduced slaking 
thus reducing surface sealing. However, the very high final infiltration rate under cover crops 
after 2 hours is more perplexing. It may be related to the high presence of earthworms under 
biculture treatments on the site as evidenced by the high earthworm cysts observed, which could 
have created water channels. 
Water retention characteristics of a soil are closely related to soil structural stability. In this 
study, no significant differences were observed under bicultures and the control. This is in 
agreement with the aggregate stability results where similar non-significant differences were 
observed. The structural stability of a soil, which improves in time with the addition of organic 
inputs to the soil, influences the proportion of micro and macro-pores within a soil (Bescansa et 
al., 2006). According to Lampurlanes and Cantero-Martinez (2003), during the first few years of 
CA and cover cropping, there is still humus build up with limited improvement of structural 
stability and pore connectivity. Due to the short duration of the experiment, it’s possible that 
accumulated organic matter under cover crops compared to weedy fallow will still be low to 
significantly influence stability especially under structurally degraded soils studied.  
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CHAPTER SIX 
6.1 CONCLUSIONS 
 
1. The effects of cover cropping (monoculture or biculture) compared to weedy fallow 
within CA systems may take several years to result in significant benefits within the 
system. Bicultures with higher ratios of oats like oats 70% plus vetch 30% as opposed to 
monocultures may be more effective in improving the studied soil physical parameters. 
 
2. Bulk density may not be an important parameter which can be used to determine the 
effectiveness of cover crops compared to weedy fallow within a CA system.Winter 
rotational cover crops compared to weedy fallow do not significantly affect soil bulk 
density when grown as monocultures or bicultures in maize-based CA systems.  
 
3. Legume winter rotational cover crops like vetch increase the soil strength as indicated by 
increased penetration resistance as compared to the grass cover crops like oats and weedy 
fallow. 
 
4. Combined with the increased water infiltration and water retention (as observed), cover 
cropping can play a significant role in water conservation particularly under rain-fed 
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agricultural practices in the Eastern Cape. Cover crops combined with CA may result in 
justifiable benefits on water conservation compared to the weedy fallow.  
 
5. Winter rotational cover crops can effectively be used in CA systems to improve structural 
stability. 
 
6. Cover crops are a sustainable option to include in CA systems with regards to soil 
physical properties compared to weedy fallow especially in hardsetting soils of the 
Eastern Cape. Improved soil physical properties result in improved crop growth and 
development which translates into increased crop yields.  
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6.2 RECOMMENDATIONS FOR FURTHER STUDIES 
1. It is necessary to carry out controlled experiments in which various known quantities of 
WRCC biomass can be applied and to establish what quantities can accrue enhanced 
benefits under short duration on soil physical properties. The quantity of biomass varies 
across seasons within identical treatments and this can create variability thus confounding 
treatment effects in field experiments, as the quantity of added organic matter is 
unaccounted for in studies similar to the current one. 
2. Apart from WRCC alone, which require extra investigation, the inclusion of different 
sources of locally available manure could be compared with WRCC and weedy fallow on 
their effects on soil physical properties.  
3. The study focused on only one soil type and similar studies need to be extended into 
different soil types and under different ecotopes.  
4. Most of the studies carried out compared CA versus conventional tillage with WRCC, 
and few studies focused on comparing various management options within CA systems 
alone. Furthermore, few studies focused on structurally degraded soils like hardsetting 
soils. More studies should therefore be focused on various management options under 
CA versus weedy fallow on soil quality attributes, and in hardsetting soils. 
5.  A time series experiment in which sampling is done over several seasons can be done to 
establish how physical parameters under cover crops change with time. 
. 
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